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ABSTRACT 
 
Biological production of hydrogen (H2) gas from fermentation of agricultural 
feedstock is one method to produce clean and sustainable source of energy. During 
fermentation of glucose to H2, acetic acid and carbon dioxide (CO2) by Thermotoga 
neapolitana, only 33% of the energy contained in glucose is converted to hydrogen. The 
aim of this study was to use a second thermotogale, Thermotoga lettingae to ferment 
sugars and acetic acid in spent media to produce H2. Hydrogen production by this 
bacterium in fresh and spent media was studied by quantifying the amount of substrate 
consumed and products formed. The effect of H2 inhibition on H2 production was 
investigated by conducting fermentations with various volumes of media. 
  H2 gas was produced by Thermotoga lettingae in glucose medium, acetic acid 
medium and spent fermentation media. H2 inhibition caused a significant reduction in H2 
concentration for fresh and spent media. Hydrogen yield for bottles with lowest volume 
containing glucose and acetic acid media was 0.031 g H2/g COD used and 0.052 g H2/g 
COD used respectively. Batch incubation of Thermotoga lettingae in unfiltered spent 
medium containing glucose produced 29mmol of H2/ L of medium at lowest volume 
while the filtered medium inoculated with the bacterium 8.51 mmol of H2/ L of medium. 
Similar trend was seen for the spent fermentation media containing no residual glucose. 
While unfiltered medium inoculated with the bacterium produced be 16.96 mmol of H2/ 
L of medium, 12.51 mmol of H2/ L of medium were produced in filtered medium. The 
yield values for unfiltered and filtered media without residual glucose was 0.106 g H2/g 
COD and 0.080 g H2/g COD respectively for bottles with lowest volume of media. This 
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process is in accordance with the concept of a biorefinery to utilize all byproducts. 
Production of H2 from spent acetic acid media is an important result which has not been 
documented by previous studies. 
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1 
CHAPTER ONE 
 
INTRODUCTION  
 
Energy is the fundamental part of the universe and plays an important role in 
global economic growth. Renewable energy contribution was about 9% of the total 
energy consumption in US in 2011 while non-renewable sources like petroleum, natural 
gas, coal and nuclear power contributed to 36%, 26%, 20% and 8% respectively (DOE, 
2011). With the depletion of fossil fuels and the environmental harm caused due to their 
use, there is a need for us to switch to clean and alternate source of energy which are both 
environmentally friendly as well as renewable. Renewable energy includes solar, 
geothermal, hydroelectric power, wind and biofuels. In 2011 biofuels contributed 21% of 
renewable energy consumption. (DOE, 2011) 
Hydrogen (H2) is a good carbon-free energy alternative with high energy density 
of 143 KJ/g (Brown, 2003). Lesser amount of fuel is required for similar work as 
compared to other fuels like methane and gasoline which have a density of 54 KJ/g and 
44 KJ/g respectively.  This also makes H2 superior in fuel cell applications. In fuel cells 
H2 is converted to water and electric current which can be used to power vehicles and 
electric devices. H2 is regarded to be a clean fuel since combustion produces only water 
as the by product with no carbon based emissions. (Winter, 2005, Venkatamohan et al., 
2008). 
H2 has a number of industrial applications apart from being a good source of fuel. 
H2 has been used for producing chemicals like ammonia, methanol and hydrochloric acid.  
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Currently most of the H2 is produced either by steam reformation of natural gas or 
electrolysis of water (Levin et al., 2004).In steam reformation, natural gas is made to 
react with steam to produce H2 and CO2. Separation of this gas mixture produces high 
purity H2. In electrolysis of water, electric current is supplied to decompose water to 
produce H2 and oxygen.  
Biological production of H2 involves use of microbes to produce H2 from a 
variety of renewable resources. Biological H2 can either be produced by photobiological 
process or by fermentation.  
Photobiologcal production involves the use of solar radiation to produce useful 
energy. The three main mechanisms for photobiological H2 production are direct 
biophotolysis, indirect photolysis and photofermentation.  
Direct biophotolysis 
In direct biophotolysis, water is oxidized to form useful energy in the form of H2 
and evolve oxygen as the by product. Green algae under anaerobic conditions can 
produce H2 by this process by the following reaction. 
PS II :   2H20 → O2 + 4H
+ + 4e-                              (1) 
PS I   :  4e- +4H+ → 2H2                       (2) 
Overall reaction  
2H20→ O2+ 2H2                                                                         (3)                         
Light energy absorbed by PS II produces electrons which travel through a series 
of electron carrying molecules to PSI to reduce ferridoxin. The electrons are transferred 
from ferridoxin by hydrogenase enzyme to H+ to produce H2 (Levin et al.,2004) 
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Indirect biophotolysis  
Cyanobacteria synthesize H2 from water and light through photosynthesis. In the 
first step light energy is used to produce oxygen and stored carbohydrate. The second step 
involves the conversion of the carbohydrate to H2 and carbon dioxide under anaerobic 
conditions in the presence of light. Cyanobacteria are photoautotrophic microorganisms 
showing ability to produce H2 by indirect photolysis (Hansel et al., 1998; Levin et al., 
2004) 
 
6CO2+ 12H20 → C6H12O6 +6O2       (4) 
C6H12O6 + 6H20 → 12H2 + 6CO2       (5) 
 
Photofermentation  
Molecular H2 is produced in purple non sulphur bacteria like Rhodobacter 
sphaeroides by nitrogenase enzyme. In this process organic substrates are oxidized under 
oxygen deficient conditions with nitrogen limitation using the following reaction  
C6H12O6 + 6H20 → 12H2 + 6CO2      (6) 
The electrons are transferred to reduce ferridoxin and then to the protons to produce 
hydrogen gas. H2 producing activity by nitrogenase is inhibited by nitrogen, oxygen and 
ammonium and requires light energy.(Bolton 1996; Fedorov et al., 1998) 
 
 
Light energy 
Light energy 
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Fermentation 
H2 can be produced by chemoorganotrophic microorganisms under anaerobic 
conditions which grow on organic substrate. This reaction can be carried out under 
mesophilic, thermophilic and hyperthermophilic conditions. The yield of H2 depends on 
the substrate, fermentation pathway and the end products produced. When glucose is used 
as the substrate with acetic acid as the end product a maximum of 4 moles of H2 per mole 
of glucose is produced (Shroder et al., 1994; Levin et al., 2004). 
C6H12O6 +2H20 → 2CH3COOH + 4H2+2CO2     (7) 
If butyrate is the primary fermentation product 2 moles of H2 are produced (Zinder 1984) 
C6H12O6 +2H20 → 2CH3CH2CH2COO
- + 2HCO3 + 3H
+ +2H2    (8) 
H2 production depends on the process conditions like partial pressure, pH, 
metabolic pathway and end products formed. H2 yield is higher when the bacterium 
follows the pathway towards volatile fatty acids as compared to production of alcohols.  
The Partial pressure of H2 is also an important factor. As the concentration of H2 
increases there is product inhibition reducing further synthesis of H2. At temperature of 
700 C a partial pressure of H2 below 20 kPa is required for continuous H2 synthesis. (Van 
Neil et al., 2002). Hyperthermophilic bacteria have shown great potential for H2 
production. Thermophilic processes have number of advantages as compared to 
mesophilic process. Process kinetics doubles with 100C increase in temperature, thus 
degradation of substrates increases at elevated temperatures. Thermophilic process also 
negates the need for sterilization as there are limited numbers of species capable of 
growing at elevated temperatures. In general thermophilic pathways tend to produce 
 5 
limited range of products and there is less energy diversion towards production of non-
useful products. (Sowers et., al 2011; Sasaki et.,al 2011) 
Themotoga genus  
Thermatoga was initially isolated in 1986 from geothermally heated sea floors in 
Italy (Huber et al., 1986). T maritima was the first species identified and to date nine 
species have been identified. 
Thermatogales are extremophiles growing at temperatures between 50-900C. They 
are strictly anaerobic, rod shaped bacteria with an outer sheath like structure called toga.  
These bacteria have the ability to ferment sugar to acetic acid, H2 and CO2. H2 production 
by T.elfi, T.maritima and T.neapolitana has been studied by many (d’Ippolito et al., 2010, 
Van Neil et al., 2002, Van Ooteghem et al., 2002,Yu and Drapcho 2011) 
 
Fermentation by Thermatoga  
Fermentation of glucose to pyruvate by T.maritima was determined to occur 
primarily via Embden-Meyerhoff pathway (EMP) pathway. Part of the energy is derived 
from the Entner- Duodoroff (ED) pathway. (Schroder et al.,1994, d’Ippolito, 2010). 
Electrons are transferred from NADH to H+. The H+ ion acts as an electron acceptor and 
is reduced to H2 .The enzyme catalyzing this process is hydrogenase. The overall reaction 
for this is (Thauer et al., 1977) 
C6H12O6 + 2H20 +4ADP → 2CH3COO
- +2H+ +2CO2 +4H2 +4ATP (9) 
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Figure 1 : Embden-Meyerhoff Glucose catabolism of T. maritima.  Adapted from 
Schroder et al. 1994 
The oxidation state of carbon in glucose is zero, and the oxidation state of carbon 
in products acetic acid and carbon dioxide is 0 and +4 respectively. Only two moles of 
carbon in the substrate is oxidized producing 8e- which reduce 8 H+ to 4 moles of H2. 
Only 33% of the energy of glucose is in the form of H2. Two moles of acetic acid are also 
formed which has considerable amount of the remaining energy. Acetic acid is an 
important industrial chemical but recovering acetic acid from spent media is difficult. 
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Substrates for biological production of H2 
A variety of feed stocks has been tested for production of H2. Although pure 
glucose has given maximum yield of H2, substrates containing hexose and pentose sugars 
like xylose, sucrose,starch,cellobiose have been used as carbon source for H2 production 
from Thermotoga neapolitana (Van Ooteghem 2002 ,Yu and Drapcho 2011). Cull 
peaches have high levels of sucrose and can be used as substrate for H2 production 
(Colaric et al., 2004, Morris 2012). A variety of nitrogen sources have also been used to 
culture Thermotoga neapolitana (Yu and Drapcho 2011). H2 yields were not significantly 
different when comparing a medium with glucose and sucrose as carbon source and yeast 
extract and soybean meal as nitrogen source. 
Prior research shows that H2 can be produced from a variety of carbon and 
nitrogen sources using Thermotoga neapolitana in a medium with moderate salinity 
(10g/L NaCl) (Van Ooteghem 2002, Yu and Drapcho 2011). For any process to be 
sustainable utilizing all the co-products is very essential. By using the concept of acetic 
acid oxidation, acetic acid in spent media can be oxidized further to produce more H2. 
Product inhibition is one of the most important factors that must be taken in to 
consideration for both H2 production from sugars and acetic acid. 
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Acetic acid oxidation 
In biological anaerobic digestion methane can be produced from acetic acid by 
two pathways. About two thirds of methane is produced via acetoclastic pathway where 
acetoclastic methanogens cleave acetic acid to methane and CO2. The second pathway is 
represented by acetic acid oxidizing bacteria in syntrophic association with 
hydrogenotrophic methanogens. 
Syntrophic acetic acid oxidation (SAO) was initially proposed by Barker (1936). 
He proposed that hydrogenotrophic (non acetoclastic) methanogenesis occurred via a 
two-step conversion process. In the first step CO2 and H2 are produced and in the next 
step these are converted to methane. Zinder (1984) demonstrated this process using a 
thermophilic coculture. Thermoacetogenium phaeum can degrade acetic acid to form H2 
and CO2 using H
+ as final electron acceptor. Then hydrogenotrophic methanogens use H2 
as electron donor to reduce carbon dioxide to form methane as shown in the equations 
below (Oehler 2012) 
Step 1: CH3COO
- + H + +2H20 2CO2 + 4H2                                                    (10) 
Step 2:  4H2 + CO2 CH4 + 2H2O                                 (11) 
The first step is thermodynamically unfavourable under standard conditions 
(∆G=+104.6KJmol-1)(Zinder 1984). Hydrogenotrophic methanogens consume the H2 
which allow the reaction to proceed in the forward direction (Schink 2002). Inhibitory 
product concentration for acetic acid oxidation changes with temperature. For 
thermophilic cultures partial pressure of H2 must be between 10-50 Pa while growing on 
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acetic acid (Hattori 2001, Zinder 1984). For mesophilic cocultures the partial pressures 
must be around 1.6-6.8Pa during acetic acid utilization phase (Schurer et al., 1997) 
There are only five acetic acid oxidizing microbes that have been characterized till date 
two thermophilic strains Thermoacetogenium phaeum ,Thermatoga lettingae, 
thermotolerant strain Tepidanaerobacter acetaoxydans , two mesophilic strains 
Clostridium ultunense and Syntrophaceticus schinkii.(Hattori et al., 2000 , Balk 
etal.,2002, Schnurer et al.,1996) 
In pure culture, these organisms have the ability to produce H2, organic acids and 
alcohols as primary fermentation products (Lee & Zinder,1988b , Balk et al.,2002). 
Thermotoga lettingae and Thermoacetogenium phaeum have the ability to oxidize acetic 
acid when H+ or alternate electron acceptors like sulfate, elemental sulfur or Fe (III) are 
present in the medium. Amongst all the acetic acid oxidizing bacteria T.lettingae and 
T.phaeum can grow at high concentrations of NaCl. In general acetic acid oxidizing 
bacteria are slow growers due to the small amount of free energy . 
The pathway followed for syntrophic acetic acid oxidation by Clostridium 
ultunense  and Thermoacetogenium phaeum  is the reverse of Wood–Ljungdahl pathway 
.Carbon monoxide and acetyl CoA synthase are important enzymes in this pathway 
(Hattori 2008). Complete genomic sequence of Thermotoga lettingae did not show genes 
encoding for CO dehydrogenase. This indicates that Thermotoga lettingae is unlikely 
oxidize acetic acid via this pathway and suggests that syntrophic acetic acid oxidizing 
bacteria have more than one mechanism for acetic acid oxidation (Hattori 2008). 
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 Thermatoga lettingae is a thermatogale which was first isolated from thermophilic 
sulfate reducing bioreactor fed with methanol (Balk et al., 2002).It is a gram negative rod 
shaped bacteria with an outer sheath . The optimum pH is 7 and the optimum temperature 
is 650C (Westerholm 2012). 
Thermotoga lettingae can ferment hexose and pentose sugars in addition to acetic 
acid. It is expected that it will utilize sugars before using acetic acid. Two stage 
fermentation is ideal to avoid catabolite repression. In the first stage sugars are fermented 
to H2 using Thermotoga neapolitana. In the second stage the spent media containing 
acetic acid is fermented using the second microbe Thermotoga lettingae to oxidize acetic 
acid and produce H2. 
The main goals of this study are to investigate utilization of acetic acid in spent 
fermentation medium using Thermotoga  lettingae to produce H2 . The specific objectives 
are  
  To determine H2 production and yield by Thermotoga  lettingae for glucose, 
acetic acid and spent  Thermotoga  neapolitana fermentation glucose media. 
  To determine impact of H2 inhibition on H2 production by Thermotoga  lettingae 
. 
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                                        CHAPTER 2  
   MANUSCRIPT 
Abstract 
Biological production of hydrogen (H2) gas from fermentation of agricultural 
feedstock is one method to produce clean and sustainable source of energy. During 
fermentation of glucose to H2, acetic acid and carbon dioxide (CO2) by Thermotoga 
neapolitana, only 33% of the energy contained in glucose is converted to hydrogen. The 
aim of this study was to use a second thermotogale, Thermotoga lettingae to ferment 
sugars and acetic acid in spent media to produce H2. Hydrogen production by this 
bacterium in fresh and spent media was studied by quantifying the amount of substrate 
consumed and products formed. The effect of H2 inhibition on H2 production was 
investigated by conducting fermentations with various volumes of media. 
  H2 gas was produced by Thermotoga lettingae in glucose medium, acetic acid 
medium and spent fermentation media. H2 inhibition caused a significant reduction in H2 
concentration for fresh and spent media. Hydrogen yield from bottles with lowest volume 
of media containing glucose and acetic acid was 0.031 g H2/g COD used and 0.052 g 
H2/g COD used respectively. Batch incubation of Thermotoga lettingae in unfiltered 
spent medium containing glucose produced 29mmol of H2/ L of medium at lowest 
volume while the filtered medium inoculated with the bacterium 8.51 mmol of H2/ L of 
medium. Similar trend was seen for the spent fermentation media containing no residual 
glucose. While unfiltered medium inoculated with the bacterium produced be 16.96 
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mmol of H2/ L of medium, 12.51 mmol of H2/ L of medium were produced in filtered 
medium. The yield values for unfiltered and filtered media without residual glucose were 
0.106 g H2/g COD and 0.080 g H2/g COD respectively for bottles with lowest volume of 
media. This process is in accordance with the concept of a biorefinery to utilize all 
byproducts. Production of H2 from spent acetic acid media is an important result which 
has not been documented by previous studies. 
 
Introduction 
Renewable energy contribution was about 9% of the total energy consumption in 
US in 2011 while non-renewable sources like petroleum, natural gas, coal and nuclear 
power contributed to 36%, 26%, 20% and 8% respectively (DOE,2012). With the 
depletion of fossil fuels and the environmental harm caused due to the use of these, there 
is a need for us to switch over to clean and alternate source of energy which is both 
environmentally friendly as well as renewable. Renewable energy includes solar, 
geothermal, hydroelectric power, wind and biofuels. In 2011 biofuels contributed 21% of 
renewable energy consumption. (DOE, 2012). 
 H2 is a good carbon free energy alternative with high energy density of 143 KJ/g 
(Brown, 2003). Lesser amount of fuel is required for similar work as compared to other 
fuels like methane and gasoline which have a density of 54 KJ/g and 44 KJ/g 
respectively.  This also makes H2 superior in fuel cell applications. In fuel cells H2 is 
converted to water and electric current which can be used to power vehicles and electric 
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devices. H2 is regarded to be a clean fuel since combustion produces only water as the by 
product with no carbon based emissions. (Winter ,2005, Venkatamohan et.,al 2008). 
H2 has a number of industrial applications apart from being a good source of fuel. H2 has 
been used for producing chemicals like ammonia, methanol and hydrochloric acid.  
Currently most of the H2 is produced either by steam reformation of natural gas or 
electrolysis of water (Levin et al., 2004). Biological production of H2 involves use of 
microbes to produce H2 from a variety of renewable resources. Biological Hydrogen can 
either be produced by photobiological process or by fermentation.  
In fermentation reaction, H2 is produced by chemoorganotrophic microorganisms 
under anaerobic conditions which grow on organic substrate. This reaction can be carried 
out under mesophilic, thermophilic and hyperthermophilic conditions. The yield of H2 
depends on the substrate, fermentation pathway and the end products produced. When 
glucose is used as the substrate with acetic acid as the end product a maximum of 4 moles 
of H2 is produced per mole of glucose consumed (Thauer ,1976, Shroder et al.,1994 ; 
Levin et al.,2004).The reaction is shown below 
C6H12O6 +2H20 → 2CH3COOH + 4H2+2CO2                         (1) 
 H2 yield is higher when the bacterium follows the pathway towards volatile fatty 
acids as compared to production of alcohols.  The partial pressure of H2 is also an 
important factor. As the concentration of H2 increases there is product inhibition that 
reduces further synthesis of H2. At temperature of 70
0C, a partial pressure of H2 below 20 
kPa is required for continuous H2 synthesis. (Neil et al., 2002).  
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  Fermentation of glucose to pyruvate by T.maritima was determined to occur 
primarily via Embden-Meyerhoff pathway (EMP) pathway (Schroder et al., 1994). A part 
of the energy is derived from the Entner- Duodoroff (ED) pathway. Electrons are 
transferred from NADH to H+. The H+ ion acts as electron acceptor and is reduced to H2. 
The enzyme catalyzing this process is hydrogenase . The overall reaction for this is ( 
Thauer et al.,1977) 
C6H12O6 + 2H20 +4ADP → 2CH3COO
- +2H+ +2CO2 +4H2 +4ATP  (2) 
Only 33% of the energy of glucose is contained in the form of H2. Two moles of 
acetic acid are also formed which has considerable amount of the remaining energy. 
Acetic acid is a valuable coproduct and can be used in a variety of applications but it is 
difficult to recover acetic acid from fermentation medium. 
Prior research shows that Thermotoga neapolitana a marine hyperthermophilic 
bacterium can produce hydrogen from a variety of carbon and nitrogen sources in a 
medium with moderate salinity (10g/L sodium chloride) (Van Ooteghem 2002,Yu and 
Drapcho 2011) . For any process to be sustainable, utilizing all the co-products is very 
essential. Acetic acid in spent fermentation medium can be oxidized further to produce 
more hydrogen. Product inhibition is one of the most important factors that must be taken 
in to consideration for both H2 production from sugars and acetic acid. 
 
Acetic acid oxidation 
 
In biological anaerobic digestion acetic acid is the most important intermediate. 
Methane can be produced from acetic acid by two pathways. About two thirds of methane 
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is produced via acetoclastic pathway where acetoclastic methanogens cleave acetic acid 
to methane and CO2. The second pathway is represented by acetic acid oxidizing bacteria 
in syntrophic association with  hydrogenotrophic methanogens. 
Syntrophic acetic acid oxidation (SAO) was initially proposed by Barker (1936) 
as the first step in a two-step hydrogenotrophic (non acetoclastic) methanogenic process. 
In the first step CO2 and H2 are produced and in the next step these are converted to 
methane. Zinder (1984) demonstrated this process using a thermophilic coculture. 
Thermoacetogenium phaeum can oxidize acetic acid to form H2 and CO2 using H
+ as 
final electron acceptor. Then hydrogenotrophic methanogens use hydrogen as an electron 
donor to reduce carbon dioxide to methane as shown in the equations below (Oehler 
2012). 
Step 1: CH3COO
- + H + +2H20 2CO2 + 4H2                                                    (3) 
Step 2:  4H2 + CO2 CH4 + 2H2O                            (4) 
The first step is thermodynamically unfavorable under standard conditions 
(∆G=+104.6 KJmol-1)(Zinder 1984). Hydrogenotrophic methanogens consume the H2 
which allow the reaction to proceed in the forward direction (Schink 2002). Inhibitory 
product concentration for acetic acid oxidation changes with temperature. For 
thermophilic cultures, partial pressure of H2 must be between 10-50 Pa while growing on 
acetic acid (Hattori 2001, Zinder 1984). For mesophilic cocultures the partial pressures 
must be around 1.6-6.8 Pa during acetic acid utilization phase (Schurer et al.,1997) 
There are only five acetic acid oxidizing microbes that have been characterized to 
date two thermophilic strains Thermoacetogenium phaeum and Thermatoga lettingae; a 
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thermotolerant strain Tepidanaerobacter acetaoxydans and two mesophilic strains 
Clostridium ultunense and Syntrophaceticus schinkii. (Hattori et., al 2000, Balk et 
al.,2002, Schnurer et al.,1996) 
In pure culture these organisms have the ability to produce H2 gas, organic acids 
and alcohols as primary fermentation products (Lee & Zinder,1988b , Balk et al.,2002). 
Thermotoga lettingae and Thermoacetogenium phaeum have the ability to oxidize acetic 
acid when H+ or alternate electron acceptors like sulfate, elemental sulfur, Fe (III) are 
present in the medium. Amongst all the acetic acid oxidizing bacteria T.lettingae and     
T. phaeum can grow at high concentrations of NaCl (Westerholm 2012). In general acetic 
acid oxidizing bacteria are slow growers due to the small amount of energy gained from 
the reaction . 
The pathway followed for syntrophic acetic acid oxidation by Clostridium 
ultunense  and Thermoacetogenium phaeum  is the reverse of Wood–Ljungdahl pathway 
.Carbon monoxide and acetyl CoA synthase are important enzymes in this pathway 
(Hattori 2008). Complete genomic sequence of Thermotoga lettingae did not show genes 
encoding for CO dehydrogenase. This indicates that Thermotoga lettingae is unlikely to 
oxidize acetic acid via this pathway and suggests that syntrophic acetic acid oxidizing 
bacteria have more than one mechanism for acetic acid oxidation ( Hattori 2008). 
 Spent fermentation medium from Thermotoga neapolitana has high salt 
concentration, thus using an organism which can grow at high salinity is required. 
Thermatoga lettingae is a thermatogale which was first isolated from thermophilic sulfate 
reducing bioreactor fed with methanol (Balk et al., 2002).It is a gram negative rod shaped 
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bacteria with an outer sheath . The optimum pH is 7 and the optimum temperature is 
65OC.   
Thermotoga lettingae can ferment hexose and pentose sugars in addition to acetic 
acid. It is expected that it will utilize sugars before using acetic acid (Sowers et al., 2011). 
Two stage fermentation is ideal to avoid catabolite repression. In the first stage sugars are 
fermented to H2 using Thermotoga neapolitana. In the second stage the spent media 
containing acetic acid is fermented using the second microbe Thermotoga lettingae to 
oxidize acetic acid and produce H2. 
The main goals of this study was to investigate utilization of acetic acid in spent 
fermentation medium using Thermotoga lettingae to produce H2. The specific objectives 
are  
  To determine H2 production and yield by Thermotoga lettingae for glucose, 
acetic acid and spent Thermotoga  neapolitana fermentation glucose media. 
  To determine impact of H2 inhibition on H2 production by Thermotoga  lettingae 
. 
Materials and Method 
Experimental Design 
Three experiments were conducted to evaluate the ability of Thermotoga lettingae 
to ferment glucose and/or acetic acid to H2.  In Experiment 1, T.lettingae was inoculated 
in to freshly prepared modified DSMZ 14385 medium containing glucose or acetic acid 
as carbon source.  Three replicate bottles at three media volumes (100,150 and 200 mL) 
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were used. Two runs of each treatment were conducted. 
 
           In Experiment 2, spent media from two Thermotoga neapolitana fermentations 
were re-incubated without inoculation of T.lettingae after pH adjustment to 7.0.  Three 
replicate bottles of filtered and unfiltered spent media at 200 mL volume were used.  This 
experiment established a baseline of T. neapolitana’s ability to oxidize residual glucose 
and acetic acid in spent fermentation media without interaction with T. lettingae. 
 
             In Experiment 3, the same protocol as experiment 2 was used but followed by 
inoculation of Thermotoga lettingae in each bottle.  Three replicate bottles of filtered and 
unfiltered media at three media volumes (100,150 and 200mL) were used. 
 
Culture Conditions 
Thermotoga lettingae was obtained from DSMZ, Germany and maintained in 
modified DSMZ 14385 medium .The standard medium contained 1 g NH4Cl , 0.3 g 
K2HPO4,0.3 g KH2PO4, 0.2g MgCl2 x 6 H2O, 0.1 g CaCl2 x 2 H2O, 0.1 g KCl, 10 g NaCl, 
10 mL trace element solution (DSM 141), 0.5 g yeast extract, 0.5 g Resazurin , 0.5 g 
cysteine-HCl x H2O, 2g Na2CO3, 5g Na2S2O3 x 5 H2O, 4g glucose , 0.5 g Na2S x 9 H2O 
in  1 L of distilled water. This standard medium was modified with 125% of each 
component to enable comparison with prior research using 5g/L glucose media for 
production of hydrogen by Thermotoga neapolitana (Yu and Drapcho 2011). Further, 
Na2S2O3 x 5 H2O and 0.5 g Na2S x 9 H2O  were omitted to prevent their use as electron 
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acceptors. The pH of the medium was adjusted to 7 using 5N NaOH or 5N H2SO4. 
Cystine HCl was used as an oxygen scavenger. Resazurin was used as an oxygen 
indicator. The specified volume of the medium was transferred to 565mL serum bottles.  
The head space of the bottles was sparged for 1 min with nitrogen gas to remove oxygen 
(Unpublished Louis Hill).The media was not autoclaved. The bottles were capped with 
septa and sealed with aluminum crimp seal and let for 90 minutes. In this incubation 
period cysteine HCl reacts with oxygen in the media. Using a sterile syringe 10%(by 
volume) of the inoculum was inoculated to each of the bottle except the control bottles. 
The cultures were incubated in an orbital shaker bath for 80 hours at 150rpm and 650C. 
Experiment 1 was carried out with 5g/L acetic acid or 5g/L glucose as carbon source in 
modified DSMZ 14385 medium. 
  Experiments 2 and 3 were carried out using Thermotoga neapolitana spent 
fermentation medium which originally contained 5.0 g of glucose, 2.0 g of yeast extract, 
10.0 g NaCl, 0.121 g of THAM ,1.114 g of cystine HCl monohydrate, 10 mL of Vitamin 
solution (DSM 141) and 10.0 mL of Trace element solution (DSM 141), 200mL of 5X 
salt solution (5 g NH4Cl , 1.5 g K2HPO4,1.5 g KH2PO4, 1.0 g MgCl2 x 6 H2O, 0.5 g CaCl2 
x 2 H2O, 0.5 g KCl per L of distilled water) and 1L of distilled water . In these runs 
Thermotoga neapolitana was inoculated in this medium and fermented for 40 or 80 hours 
in a 4 L fermentor with pH control and off gas removal.  
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Gas Analysis 
After 80 hours of Thermotoga lettingae fermentation the serum bottles were 
cooled in a 250C water bath . The pressure in each bottle was then measured using a hand 
held manometer (Fischer Scientific). 
The concentration of H2 in the headspace was measured using a Gow-MacSeries 400- 
gas partitioner with thermal conductivity detector. The carrier gas was Argon set at 22psi. 
The column used was a 10’X 1/8’ column packed with Molecular Sieve 5A , alkali 
alumino silicate. Using a 0.5mL syringe, 0.5mL of gas from the head space was sampled 
and manually injected in to the GC. The concentration of H2 was determined by 
comparison of area to standards of H2 / N2 that were measured to construct standard 
curve. Partial pressure of H2 in gas was calculated using the following equation 
PHPH *% 22                                                       (4) 
Where PH2= H2 partial pressure (KPa) 
      %H2= H2 concentration (%)(V/V) 
      P=  Total absolute pressure (kPa) 
Using the ideal gas equation moles of H2 in the head space was calculated 
RT
VP
n HH
12
2           (5) 
Where 
nH2= mol of H2 in gas phase 
V1= Headspace volume (L) 
R= Universal gas rate constant (8.314 L.kPa/mol.K) 
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T=Temperature (K) (298 K for all calculations) 
Concentration of H2 gas(mmol/L) was obtained by the following equation 
mol
mmol
V
n
C HH
1000
*
2
2
2         (6) 
CH2=H2concentration (mmol H2/L medium ) 
V2= Volume of culture (L) 
Dissolved H2 was calculated using Henry’s law  
22
* HhH pKC aq   
Where  
Kh = Henry’s Constant 7.7 *10
-6 mol/kPa L at 250 C 
CH2,aq= Concentration of H2 in mol/L  
PH2= Partial Pressure of H2 at 25
0C  
Sugars and Organic acid concentration 
Concentrations of glucose, acetic acid and lactic acid were measured using HPLC 
with refractive index detector.The column used was Bio-Rad Aminex HPX-87H. All 
samples were filtered through 0.45µm filters. The mobile phase used was 0.01N 
H2SO4.The flow rate maintained was 0.6mL/min. Standards of glucose, acetic acid and 
lactic acid were made using 10g/L NaCl solution to account for potential interference of 
salt with the column. 
 Yield calculation 
Product yield was calculated as mass of H2 formed per mass of substrate consumed. 
 For trials where fresh media containing glucose or acetic acid was used, product yield 
 22 
was calculated based on the single substrate consumed.  For trials where spent 
fermentation medium from T. neapolitana culture was used, several compounds could be 
consumed as substrate by the organisms – ie residual glucose and products acetic acid 
and lactic acid. To account for the potential use of mixed substrates, the mass of each 
substrate consumed was converted to equivalent Chemical Oxygen Demand (COD) so 
that these values could be summed.  The product yield values were then calculated as 
mass H2 formed per mass of total substrate consumed expressed on COD basis. 
 
Statistical Analysis 
The results were analyzed using SAS with 0.05 level of significance. PROC GLM 
with means statement and Tukey’s studentized range test was used to determine the 
significant differences between the treatment means. 
 
Results and Discussion 
 Experiment 1: 
Glucose Vs acetic acid media comparison 
Thermotoga lettingae was found to grow and produce hydrogen in glucose and acetic 
acid media (Figure 1).  
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Figure 1: H2 production by Thermotoga lettingae in fresh media 
 
H2 production in glucose medium was significantly higher as compared H2 production 
from the acetic acid medium.(p <0.0001). Approximately 41-55 mmol of H2/L were 
produced in glucose medium as compared to 7.6-8.9 mmol/L for acetic acid medium. 
These values compare to 32.82 mmol/L for 5 g/L glucose medium by T.neapolitana (Yu 
and Drapcho 2011) 
Hydrogen concentration was found to vary with medium volume for both (tables 2.1 and 
2.2) media types. 
 
Table 2.1: H2 Production by Thermotoga lettingae in glucose medium 
[a] 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total 
Pressure at 
25C (kPa) 
Mean  
(S.D)[b] 
H2 Conc in 
headspace 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
Dissolved H2 
Conc in 
liquid (mmol 
H2/L 
medium) 
Mean (S.D)[b] 
Total H2 
Concentration 
(mmol H2/L 
medium)  
(S.D)[b] 
100 
18.28 
(0.36) 
148.76 c 
(1.72) 
51.35 a 
(0.88)  
0.19 
(0.003) 
51.51 a  
(0.88) 
150 
24.17 
(0.24) 
165.95 b 
(4.94) 
45.84 b 
(1.48)  
0.29  
(0.009) 
46.09 b 
 (1.47) 
200 
28.16 
(1.08) 
191.26 a 
(3.22) 
40.65 c 
(1.75)  
0.38 
(0.016) 
40.98 c  
(1.76) 
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[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=6 
 
Table 2.2: H2 Production by Thermotoga lettingae in acetic acid media 
[a] 
Volume 
(mL) 
H2 Conc in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total  
Pressure at 
25C (kPa) 
Mean 
 (S.D)[b] 
H2 Conc in 
headspace 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
Dissolved 
H2 Conc in 
liquid 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
Total H2 
Concentration 
(mmol H2/L 
medium)  
Mean (S.D)[b] 
100 
4.14 
(0.14) 
113.23 b 
(1.66) 
8.86 a 
(0.31) 
0.03 
(0.001) 
8.89 a 
(0.31) 
150 
6.18 
(0.44) 
117.53 a,b 
(1.45) 
8.17a,b 
(0.64) 
0.05 
(0.003) 
8.22 a,b 
(0.69) 
200 
8.48 
(0.55) 
120.33 a 
(1.74) 
7.55 b  
(0.49) 
0.07  
(0.004) 
7.61 b 
 (0.49) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=6 
 
For both glucose and acetic acid media H2  production by Thermotoga lettingae  
was significantly greater in the 100mL bottles. This data supports that H2 production by 
Thermotoga lettingae is inhibited by greater concentration of dissolved hydrogen in 
solution. 
The theoretical molar ratio of H2 : Acetic acid for fermentation of glucose is 2 
moles of H2: 1 mole of acetic acid. The concentration of these products and product yield 
is summarized in the table 2.3. 
 
 
 
Table 2.3: H2 yield in glucose medium 
[a] 
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 Volume 
(mL) 
Final  
Glucose 
Conc 
(mmol/l) 
Mean (SD)[b] 
 
Glucose 
Used  
(mmol/l) 
Mean  
(SD)[b] 
 
Acetic acid 
formed 
(mmol/l) 
Mean 
(SD)[b] 
Molar 
ratio 
H2: 
Acetic 
acid  
 
H2yield  
(mol of 
H2/mol of 
glucose 
used) 
H2yield  
(g of H2/g 
of COD 
used) 
Mean 
(SD)[b] 
100 mL 
11.86 
(0.31) 
19.34 
(0.27) 
25.64 
(0.50)  2: 0.99 
2.67 a 
(0.07) 
0.031 a 
(0.001) 
150 mL 
12.65 
(1.40) 
18.56 
(1.35) 
23.37 
(0.91)  2:1.02 
2.51 a,b 
(0.25) 
0.030 a,b 
(0.002) 
200 mL 
13.80 
(0.57) 
17.40 
(0.71) 
20.17 
(1.90)  2:0.99 
2.37 b 
(0.17) 
0.029 b 
(0.002) 
a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=6 
 
Initial glucose concentration in medium was 27.8 mM (5 g/L). Residual glucose 
was present in all bottles which could be due to the accumulation of H2 gas that will not 
support further hydrogen production. 
Acetic acid production in glucose media follows the same trend as H2 production. 
The lowest volume produced the highest concentration of acetic acid while the largest 
volume produced the least acetic acid concentration. The actual ratios of H2:Acetic acid 
for each volume are close to the theoretical values.This suggests that H2  production by 
Thermotoga lettingae follows the  Embden –Meyerhoff (EMP) pathway. 
Yield of H2 using Thermotoga neapolitana  in standard glucose medium (5g/L 
glucose, 200ml volume) (DSMZ 141) was found to be 2.90 mol of H2 per mol of glucose 
consumed which is higher than the H2 yield using Thermotoga lettingae reported here  
(DSM 14385). (Morris, 2012). 
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The theoretical yield of hydrogen during fermentation is 4 moles of H2 gas per 
mole of glucose (0.042 g H2/g COD) (Thauer 1976) . The highest yield reported here is 
66.75% of the theoretical yield which is obtained by using the lowest volume (100mL) 
while the lowest yield is 59.25% of the theoretical yield obtained from the largest volume 
(200mL).  
  The concentration of acetic acid consumed and the H2 yield from the growth of 
Thermotoga lettingae in acetic acid media is summarized in table 2.4. 
Table 2.4: H2 yield in acetic acid medium 
[a] 
Volume 
(mL) 
 
 
Final 
Acetic acid 
Conc 
(mmol/l) 
Mean 
(SD)[b] 
Acetic acid 
used 
(mmol/L) 
Mean 
(SD)[b] 
Hydrogen 
 Yield(mol 
of H2/mol 
of acetic 
acid used) 
Mean 
(SD)[b] 
 
Hydrogen 
   Yield 
(g of H2/ g 
of COD 
used) 
Mean 
(SD)[b] 
100 mL 
75.76 
(1.30) 
5.87 
(1.17) 
1.57a 
(0.32) 
0.052 a 
(0.010) 
150 mL 
75.96 
(1.38) 
5.67 
(1.36) 
1.54a 
(0.39) 
0.051 a 
(0.010) 
200 mL 
77.75 
(0.84) 
3.89 
(0.80) 
2.03a 
(0.41) 
0.07 a 
(0.010) 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=6 
 
Initial acetic acid concentration was 83.3mmol/L (5 g/L). From table 2.4 it is seen 
that there is incomplete utilization of acetic acid this suggests. There is no significant 
difference in the H2 yield for different volumes. The theoretical yield is 4 mol H2/mol 
acetic acid which is 0.126 g H2/g COD consumed. The yield reported here is between 41-
55% of theoretical yield .Hydrogen yield in acetic acid has not been reported. 
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Experiment 2: 
The spent media for experiment 2 and 3 contained the following concentrations of the 
potential substrates 
Table 2.5: Spent media composition 
Spent 
Medium 
Incubation 
time (hrs) 
Mean 
glucose 
(g/L) 
Mean 
Acetic 
acid 
(g/L) 
Final 
Lactic  
acid 
(g/L) 
I 40 0.83 2.09 0.24  
II 80 <0.01 2.21 0.26  
n=3 
H2  production by Thermotoga neapolitana in the spent medium without inoculation of 
Thermotoga lettingae is described in the Figure 2.2 and tables 2.6 and 2.7.  
 
Figure 2: H2 produced by Thermotoga neapolitana in spent medium without inoculation 
of Thermotoga lettingae. 
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Table 2.6: H2 production by Thermotoga neapolitana spent fermentation medium I 
[a] 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%)  
Mean 
(S.D)[b] 
Abs Total 
Pressure 
at 25C 
(kPa) 
Mean 
(S.D)[b] 
H2 Conc 
in 
headspace 
(mmol 
H2/L 
medium) 
Mean 
(S.D)[b] 
Dissolved 
H2 Conc 
in liquid 
(mmol 
H2/L 
medium) 
Mean 
(S.D)[b] 
Total H2 
Concentration 
(mmol H2/L 
medium)  
Mean  
(S.D)[b] 
Unfiltered 
20.88  
(0.54) 
156.43 a 
(0.61) 
24.26 a 
(0.65)  
0.196 
(0.005) 
24.49 a  
(0.66) 
Filtered  
0.56 
(0.44) 
112.16 b 
(0.61) 
0.47 b 
(0.37)  
0.004 
(0.003) 
0.47 b  
(0.37) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
 
Table 2.7: H2 Production by Thermotoga neapolitana  spent fermentation medium II
[a] 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%)  
Mean 
(S.D)[b] 
Abs Total 
Pressure 
at 25C 
(kPa) 
Mean 
(S.D)[b] 
H2 Conc 
in 
headspace 
(mmol 
H2/L 
medium) 
Mean 
(S.D)[b] 
Dissolved 
H2 Conc 
in liquid 
(mmol 
H2/L 
medium) 
Mean 
(S.D)[b] 
Total H2 
Concentration 
(mmol H2/L 
medium)  
Mean (S.D)[b] 
Unfiltered  
9.17 
(0.56) 
128.59 a 
(0.74) 
8.75 a 
(0.54) 
0.071 
(0.004) 
8.84  a 
 (0.54) 
Filtered 
1.75 
(0.49) 
115.86 b 
(0.96) 
1.50 b 
(0.44) 
0.012 
(0.003) 
1.52 b 
 (0.44) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
Higher H2 concentration was produced in bottles with spent medium I due to presence of 
residual glucose. The unfiltered media in both the treatments produced significantly 
higher concentration of H2 because of presence of Thermotoga neapolitana. This shows 
that Thermotoga neapolitana can grow well in spent media incubated at 65O C which is 
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12O C lower than its optimum temperature ( 77O C). The low but detectable 
concentrations of  H2 in the bottles with filtered media may be due to incomplete removal 
of Thermotoga neapolitana  cells with filtration process. 
Further, the production of 8.84mmol H2 / L of spent medium II indicates that the 
oxidation of acetic acid and lactic acid in the spent medium is apparently carried out by 
Thermotoga neapolitana. 
The H2 yield data from Thermotoga neapolitana in the spent media is described in the 
tables 2.8 and 2.9 as mass of hydrogen per g of COD consumed. 
 
Table 2.8: H2 yield in spent medium I 
[a] 
Media 
Glu used 
(mmol/L) 
Mean 
(SD)[b] 
Acetic 
acid used 
(mmol/L) 
Mean 
(SD)[b] 
Total COD 
used 
g/L COD 
used 
Mean(SD)[b] 
 Yield  
g of H2/ 
g of 
COD 
used 
Mean 
(SD)[b] 
(Volume in 
mL) 
Unfiltered 4.48 1.86 0.98 0.050 a 
(200) (0.02) (0.08) (0.01) (0.001) 
Filtered 4.14 2.17 1.41 0.001 b 
(200) (0.05) (0.89) (0.06) (0.001) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
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Table 2.9: H2 yield in spent medium II  
[a] 
Media 
(Volume in 
mL) 
 Acetic 
acid used 
in 
mmol/L 
Mean 
(SD)[b] 
 Lactic 
acid used  
in 
mmol/L 
Mean 
(SD)[b] 
Total 
COD 
used 
g/L 
COD 
Mean 
(SD)[b] 
 Yield  
g of H2/ 
g of 
COD 
used 
Mean 
(SD)[b] 
  
  
 
 
Unfiltered 4.97 0.27 0.344 0.051a 
(200) (0.2) (0.03) (0.012) (0.004) 
Filtered 3.79 0.55 0.3 0.01 b 
(200) (0.88) (0.18) (0.07) (0.005) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
The yield calculation for the unfiltered spent medium I had a yield of 0.05 g H2 / g 
of COD consumed similar to the yield for Thermotoga lettingae in acetic acid medium 
(Table 2.4). This confirms the growth of Thermotoga neapolitana at temperature of 650 C 
and utilization of acetic acid and lactic acid during fermentation.  
Experiment 3: 
Thermotoga lettingae inoculated in spent fermentation medium 
Effect of filtration and H2 inhibition in the spent media inoculated with Thermotoga 
lettingae is described in the Figure 3 and tables 2.10,2.11,2.12 and 2.13. 
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Figure 3: H2 production by Thermotoga lettingae  in spent media 
 
Table 2.10: H2 Production by Thermotoga neapolitana and Thermotoga lettingae 
coculture in unfiltered spent medium I [a] 
Media 
Volume 
(mL) 
H2 Conc in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total 
Pressure at 
25C (kPa) 
Mean 
(S.D)[b] 
H2 Conc in 
head space 
(mmol H2/L 
medium) 
Mean (S.D)[b] 
Dissolved H2 
Conc 
 in liquid 
(mmol H2/L 
medium) 
Mean (S.D)[b] 
  
Total  
H2 Conc  
(mmol H2/L 
medium) 
Mean (S.D)[b] 
 
 
100 
12.17 
(0.77) 
126.36 c 
(1.41) 
29.08 a 
 (2.14)  
0.092 
(0.007) 
29.18 a 
(2.15) 
150 
14.70 
(0.13) 
146.96 b 
(0.86) 
24.29 b  
(0.32)  
0.130 
(0.002) 
24.44 b 
(0.32) 
200 
18.42 
(0.91) 
165.76 a 
(1.77) 
22.68 b  
(1.22)  
0.183 
(0.010) 
22.89 b 
(1.23) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
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Table 2.11: H2 Production by Thermotoga lettingae in filtered spent fermentation 
medium I [a] 
Media 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total 
Pressure at 
25C (kPa) 
Mean  
H2 conc in 
head space 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
Dissolved 
H2 Conc 
 in liquid 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
  
Total  
H2 Conc  
(mmol 
H2/L 
medium) 
Mean  
(S.D)[b] 
100 
3.56 
(0.26) 
126.16 c 
(0.61) 
8.48 b  
(0.58)  
0.027 
(0.002) 
8.51 b  
(0.58) 
150 
7.41 
(0.27) 
136.66 b 
(2.49) 
11.39 a 
(0.62)  
0.061 
(0.003) 
11.46 a 
(0.63) 
200 
10.34 
(0.13) 
146.99 a 
(2.49) 
11.29 a  
(0.35)  
0.091 
(0.003) 
11.39 a 
(0.36) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
 
Table 2.12: H2 Production by Thermotoga neapolitana and Thermotoga lettingae 
coculture in unfiltered spent fermentation medium II [a] 
Media 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total 
Pressure at 
25C (kPa) 
Mean 
(S.D)[b] 
 
H2 conc 
 in head space 
(mmol H2/L 
medium) 
Mean  
(S.D)[b] 
Dissolved 
H2 conc 
 in liquid 
(mmol 
H2/L 
medium) 
Mean 
(S.D)[b] 
  
Total  
H2 conc  
(mmol H2/L 
medium) 
Mean  
(S.D)[b] 
 
100 
7.30 
(0.34) 
122.43 c 
(0.71) 
16.89 a  
(0.86)  
0.054  
(0.003) 
16.96 a 
(0.86) 
150 
10.58 
(0.18) 
130.79 b 
(0.39) 
15.56 a 
 (0.30)  
0.083 
(0.002) 
15.65 a 
(0.30) 
200 
8.60 
(0.37) 
137.43 a 
(1.91) 
 8.77 b 
 (0.43)  
0.071 
(0.003) 
8.85 b 
(0.43) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
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Table 2.13: H2 Production by Thermotoga lettingae filtered fermentation medium II
[a] 
Media 
Volume 
(mL) 
H2 Conc 
in 
headspace 
(%) Mean 
(S.D)[b] 
Abs Total 
Pressure at 
25C (kPa) 
Mean 
(S.D)[b] 
H2 Conc in head 
space (mmol H2/L 
medium) 
Mean (S.D)[b] 
Dissolved H2 
Conc 
 in liquid 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
  
 
Total  
H2 Conc 
(mmol H2/L 
medium) 
Mean 
(S.D)[b] 
 
100 
5.36 
(0.71) 
123.06 c 
(0.87) 
12.46 a  
(1.71)  
0.040 
(0.005) 
12.51 a 
(1.71) 
150 
7.294 
(1.06) 
128.73 b 
(1.49) 
10.57 a,b 
 (1.63)  
0.056 
(0.009) 
10.63 a,b 
(1.64) 
200 
7.41 
(0.81) 
133.53 a 
(1.56) 
7.36 b  
(0.89)  
0.059 
(0.007) 
7.42 b 
(0.90) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
Several trends were noticed from the results. First, unfiltered media that contained 
both viable Thermotoga neapolitana and Thermotoga lettingae cells, contained higher H2 
concentrations at the end of fermentation than filtered media that primarily contained 
Thermotoga lettingae. Unfiltered spent media I with the coculture produced between 22 -
29mmol of H2/ L of medium while the filtered spent medium I  contained between 8 -12 
mmol of H2/ L of medium. Similar trend was seen for the spent fermentation media II. 
While unfiltered spent fermentation medium II with the coculture produced between 8 -
17 mmol of H2/ L of medium, filtered spent fermentation medium  contained only 7 - 12 
mmol of H2/ L of medium. 
Second as expected media that contained greater residual glucose resulted in 
greater H2 concentration. In the spent medium with residual glucose Thermatoga lettingae 
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would initially use the remaining glucose in the medium before using the acetic acid 
(Sowers et al,2011). Unfiltered spent medium I had higher percent of H2 with a range of 
12%-19% for different volumes. While unfiltered and filtered spent media II contained 
lower percent of H2 with range of 7%-9% and 5 %-8% respectively. 
 
Third H2 inhibition affected the hydrogen production from both residual glucose 
and acetic acid.  In all these treatments there was a significant increase in the H2 
production by the organism for 100mL media as compared to the 200mL media. This 
confirms that glucose and acetic acid oxidation to H2 are inhibited by H2 concentrations. 
 
 
Effect of filtration and volume of spent media on H2 yield is described in the 
tables 2.14, 2.15, 2.16 and 2.17. 
Table 2.14: H2 yield from Thermotoga neapolitana and Thermotoga lettingae in spent 
unfiltered medium I [a] 
Media 
Volume 
in mL 
Glucose used  
(mmol/L) 
Mean (SD)[b] 
Acetic acid 
used   
(mmol/L) 
Mean (SD)[b] 
Total 
COD used 
g/L COD 
used 
Mean 
(SD)[b] 
Yield  
g of H2/ 
g of COD 
used 
Mean 
(SD)[b] 
 
4.05 4.5 1.07 0.05a 
  100 (0.11) (0.61) (0.03)  (0.003) 
 
4.15 4.38 1.08 0.05 b 
150 (0.01) (0.7) (0.05)  (0.002) 
 
4.09 5.23 1.09 0.04 b 
200 
 
(0.09) (0.36) (0.05)  (0.003) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
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Table 2.15: H2 yield from Thermotoga lettingae in spent inoculated filtered medium I
[a] 
Media 
volume  in 
mL 
Glu used 
(mmol/L) 
Mean 
(SD)[b] 
Acetic 
acid used 
(mmol/L) 
Mean 
(SD)[b] 
Total 
COD  
g/L COD 
used 
Mean 
(SD)[b] 
Yield  
g of H2/ 
g of COD 
used 
Mean 
(SD)[b] 
 
 
4.36 9.87 1.47 0.01 b 
100 (0.02) (2.8) (0.06) (0.001) 
 
4.41 6.68 1.28 0.02 a 
150 (0.01) (1.23) (0.08) (0.002) 
 
4.41 8.12 1.37 0.02 a,b 
200 (0.01) (2.86) (0.18) (0.002) 
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
Comparing the filtered and unfiltered media the yield is higher than the unfiltered media . 
The yield is between 0.04 – 0.05 g of H2/ g of COD consumed for unfiltered media while 
the filtered media produces much lower yield between 0.01 – 0.02 g of H2/ g of COD. 
After 80hrs of fermentation with Themotoga neapolitana there was trace amount of 
glucose remaining in the spent medium. Organic acids which are the byproducts of the 1st 
fermentation reaction were used to produce H2 gas. The yield from  spent media II are 
shown in the table 2.16 and 2.17 
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Table 2.16: H2 yield from Thermotoga neapolitana and Thermotoga lettingae in spent 
unfiltered medium II [a] 
  
 Acetic 
acid used 
(mmol/L) 
 Lactic 
acid used 
(mmol/L) 
Total 
COD 
used 
g/L COD 
used 
 Yield  
g of H2/ 
g of COD 
used 
 
Media 
  
  
(Volume in 
mL)  
Mean 
(SD)[b] 
Mean 
(SD)[b] 
Mean 
(SD)[b] 
Mean 
(SD)[b] 
 3.70 
(0.38) 
0.88 
(1.69) 
0.322 
(0.027) 
0.106 a 
100 (0.004)  
 5.96 
(0.52) 
0.37 
(0.05) 
0.41 
(0.03) 
0.075 b 
150 (0.007)  
 9.55 
(1.79) 
1.12 
(0.14) 
0.72 
(0.13) 
0.025 c 
200 (0.003)  
 
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
 
Table 2.17: H2 yield from Thermotoga lettingae in spent filtered medium II 
[a] 
   Acetic 
acid used 
in 
mmol/L 
Mean 
(SD)[b] 
 Lactic 
acid used  
in 
mmol/L 
Mean 
(SD)[b] 
Total 
COD 
used 
g/L COD 
used 
Mean 
(SD)[b] 
 Yield  
g of H2/ 
g of COD 
used 
Mean 
(SD)[b] 
Media 
(Volume in 
mL) 
  
  
 4.57 
(1.55) 
0.66 
(0.10) 
0.357 
(0.090) 
 
100 
0.08 a 
(0.03)  
 5.00 
(3.09) 
0.62 
(0.43) 
0.38 
(0.24) 
0.072 a 
150 (0.03) 
 5.72 
(1.02) 
0.75 
(0.16) 
0.439 
(0.076) 
0.034 a 
(0.01) 
200   
[a]  Means followed by different letters are significantly different using Tukeys’s 
studentized range test (p <0.05) 
[b] n=3 
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In the medium containing coculture of  unfiltered Thermotoga neapolitana and 
Thermotoga lettingae the yield was 0.016 g of H2/ g of COD consumed for 100mL 
volume while for filtered medium containing primarily Thermotoga lettingae the H2 yield 
was 0.08 g of H2/ g of COD. These yields indicate that T.neapolitana and T lettingae 
coculture can oxidize acetic acid and lactic acid to H2, but T.lettingae  is more efficient 
 
Conclusions 
Ability of Thermotoga lettingae a hyperthermophilic bacterium to ferment glucose and 
produce acetic acid, CO2 and H2 as main fermentation products was confirmed. Acetic 
acid and lactic acid oxidizing property of Thermotoga neapolitana and Thermotoga 
lettingae to produce H2 gas was indicated by these results. H2 inhibition was observed in 
glucose, acetic acid and spent media. Themotoga lettingae grown in bottles with 100mL 
of  media produced significantly higher amount of H2 as compared to bottles with 200mL 
of media. This research also shows that the spent fermentation media containing about 
66% of the total energy of the initial substrate (glucose) in the form of acetic acid can be 
used to produce more hydrogen. This would be in accordance with the principles of a 
biorefinery to utilize all the byproducts. H2 production could be carried out as two stage 
fermentation where in the first stage the H2 could be produced from sugars using 
Themotoga neapolitana. In the second stage of fermentation the spent media containing 
acetic acid could be fermented using a T. neapolitana and T. lettingae coculture to 
produce H2 gas. Complete utilization of substrate can be attained by controlling the pH 
and by venting the off gas. By utilizing all the products and producing more H2 the entire 
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process can be made more cost effective. This would reduce our dependence on fossil 
fuel and increase the use of cleaner H2 fuel for various applications. 
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CHAPTER 3                                          
                            CONCLUSIONS AND IDEAS FOR FUTURE RESEARCH 
Thermotoga lettingae is a hyperthermophilic bacterium which has the ability to 
ferment glucose to produce acetic acid, carbon dioxide and hydrogen as main 
fermentation products. Thermotoga lettingae also is a syntrophic acetic acid oxidizing 
bacteria which has the ability to oxidize acetic acid to produce hydrogen gas. 
In this experiment this organism was grown on different media to quantify the 
hydrogen production .Fresh media used were modified standard glucose media, modified 
standard media substituted with acetic acid as carbon source. The other media tested were 
filtered spent Thermotoga neapolitana standard glucose fermentation media I and II and 
unfiltered spent Thermotoga neapolitana standard glucose fermentation media I and II. 
The effect of hydrogen inhibition was also tested by growing the organism in serum 
bottles with different volumes of each medium. 100ml, 150ml and 200ml were the 
volumes that were tested to quantify the effect of hydrogen inhibition on hydrogen 
production. 
The highest absolute total pressure of hydrogen obtained was in glucose medium 
with the mean for the 200ml bottles being 191.26kPa. Acetic acid medium produced 
lower pressures with the highest mean pressure being 120.33kPa for the 200ml bottles. 
Hydrogen was produced in both these treatments confirming that Thermotoga lettingae 
can grow both in glucose as well as acetic acid media. There was significant increase in 
the hydrogen concentration in glucose medium as compared to acetic acid medium. 
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From experiment 2 it was seen that unfiltered uninoculated spent media I 
containing Thermotoga neapolitana cells produced 24.49 mmol of hydrogen /L of media. 
This shows that Thermotoga neapolitana can grow at temperatures below its optimum 
and produce hydrogen. Results from incubation of unfiltered uninoculated media II with 
viable Thermotoga neapolitana cells at 650C indicate consumption of acetic acid and 
lactic acid by this bacterium for the production of 8.84 mmol of hydrogen/L medium. 
This shows that Thermotoga neapolitana can also use the residual organic acids in 
addition to glucose to produce hydrogen.   
Results from Experiment 3 confirmed that unfiltered media containing the 
coculture produced higher H2 concentration than filtered media containing primarily 
Thermotoga lettingae. Presence of residual sugar increased the hydrogen production. 
Unfiltered spent media I containing the coculture produced between  22  -29mmol of H2/ 
L of medium while the filtered spent medium II inoculated with the bacterium produced 
between 8-12 mmol of H2/ L of medium. Similar trend was seen for the spent 
fermentation media II. While unfiltered spent medium II containing the coculture 
produced between 8 -17 mmol of H2/ L of medium, filtered spent medium II produced 
only 7 - 12 mmol of H2/ L of medium. 
Hydrogen inhibition was observed in glucose, acetic acid and spent media. 
Themotoga lettingae grown in bottles with 100mL of media produced significantly higher 
amount of hydrogen as compared to bottles with 200mL of media. This confirms that 
glucose and acetic acid oxidation to H2 are inhibited by H2 concentrations. 
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This research shows that the spent fermentation media containing about 66% of 
the total energy of the initial substrate (glucose) in the form of acetic acid can be used to 
produce more hydrogen. This would be in accordance with the principles of a biorefinery 
to utilize all the byproducts. Hydrogen production could be carried out as a two stage 
fermentation where in the first stage the hydrogen could be produced from sugars using 
Themotoga neapolitana. In the second stage of fermentation the spent media containing 
acetic acid could be fermented using Thermotoga neapolitana and Thermotoga lettingae 
coculture to produce hydrogen gas. Complete utilization of substrate can be attained by 
controlling the pH and by venting the off gas. By utilizing all the products and producing 
more hydrogen the entire process can be made more cost effective. This would reduce our 
dependence on fossil fuel and increase the use of cleaner hydrogen fuel for various 
applications. 
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Appendix A 
GC Data 
 
 
Figure A 1 : Hydrogen standard for original glucose media 
 
 
Figure A 2 : Hydrogen standard for fresh acetic acid medium 
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Figure A 3 : Hydrogen standard for spent medium 
 
Table A1 : Hydrogen area from  GC Data for fresh medium 
Volume Glucose run 1 Glucose run 2 
Acetic acid 
run 1 
Acetic acid 
run 2 
100 70231 72704 19557 18533 
100 73489 71025 19982 18634 
100 70319 71074 20951 18823 
150 90532 92449 29019 25825 
150 90711 90077 29435 22232 
150 91014 91836 28138 25673 
200 105316 101453 34843 35177 
200 106485 113200 33301 35197 
200 104513 104594 34915 36178 
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Table A2 : Hydrogen area from GC Data for spent media 
Inoculation Volume 
Unfiltered 
Spent 
media I 
Filtered 
Spent 
media I 
Unfiltered 
Spent 
media II 
Filtered 
Spent 
media II 
Inoculated 100 50170 26236 37734 29365 
Inoculated 100 55817 26374 39903 34339 
Inoculated 100 54271 27991 37576 33495 
Inoculated 150 61227 37655 48826 34418 
Inoculated 150 60677 38817 48953 38288 
Inoculated 150 61667 39700 47688 42393 
Inoculated 200 75718 47665 43546 37421 
Inoculated 200 73372 47325 40827 42213 
Inoculated 200 68938 48316 42813 36546 
Uninoculated 200 78962 19376 44935 19235 
Uninoculated 200 82634 17400 45734 22838 
Uninoculated 200 79209 16102 41768 21773 
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Appendix B 
HPLC Data 
 
Figure A 4: Glucose standard for HPLC 
 
Figure A5 : Lactic Acid standard for HPLC 
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Figure A6 : Acetic acid standard for  HPLC 
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Table A3 : HPLC results from original glucose media 
Label 
Area of 
glucose 
remaining 
Area of 
acetic 
acid 
produced 
Area of 
glucose in 
run 2 
Area of 
acetic acid 
in run 2 
c1 1031638 0 1041754 0 
c2 1022132 0 1042455 0 
c3 1035503 0 1043903 0 
100-1 437745 146937 441761 161118 
100-2 443371 148940 459310 157370 
100-3 426881 153499 437820 148033 
150-1 452317 143677 458121 157224 
150-2 444186 131443 421602 153916 
150-3 459485 136670 557269 161551 
200-1 527582 122812 476114 122342 
200-2 516838 130475 505228 112910 
200-3 487423 105538 492174 117409 
 
Table A4 : HPLC results from original acetic acid media 
  
Acetic acid run 
1 
Acetic acid 
run 2 
Initial 1 613067 613989 
Initial 2 626495 620014 
Initial 3 603618 620185 
100 599438 569738 
100 564641 587651 
100 559657 608372 
150 564917 583282 
150 569449 560514 
150 584468 585763 
200 580555 595848 
200 611145 579684 
200 586244 593177 
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Spent Media HPLC analysis 
Table A5  : HPLC area for Glucose peak in spent media I 
Inoculation 
Volume 
(mL) 
Unfiltered 
spent 
media I 
Filtered 
spent 
media 
II 
Uninoculated 200 68602 131188 
Uninoculated 200 68290 145886 
Uninoculated 200 67078 152992 
Inoculated 100 85934 109237 
Inoculated 100 81334 99503 
Inoculated 100 77292 107645 
Inoculated 150 78508 93357 
Inoculated 150 79107 95239 
Inoculated 150 78142 98916 
Inoculated 200 83959 93778 
Inoculated 200 79025 96511 
Inoculated 200 77616 97987 
INITIAL    208265 208265 
 
Table A6  : HPLC area for Acetic acid peak in spent media 
Inoculation 
Volume 
(ml) 
Unfiltered 
spent 
media I 
Filtered 
spent 
media I 
Unfiltered 
spent 
media II 
Filtered 
spent 
media 
II 
Uninoculated 200 239737 179098 221862 221379 
Uninoculated 200 239390 193390 219696 227244 
Uninoculated 200 240791 180646 218286 236843 
Inoculated 100 220392 153918 230631 214462 
Inoculated 100 215820 199782 225252 215317 
Inoculated 100 226533 192808 231525 238662 
Inoculated 150 228600 195898 216791 236807 
Inoculated 150 220032 217104 213794 234210 
Inoculated 150 216662 202701 207825 188251 
Inoculated 200 219066 204401 185603 219930 
Inoculated 200 212742 213924 203328 204054 
Inoculated 200 215258 166107 171762 219526 
Initial   253390 253390 255794 255794 
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Table A7 : HPLC area for Lactic acid peak in spent media II 
 
Inoculation Volume 
unfiltered 
spent 
media I 
Filtered 
spent 
media 
II 
Uninoculated 200 46570 40467 
Uninoculated 200 52080 41388 
Uninoculated 200 47121 46253 
Inoculated 100 45220 42513 
Inoculated 100 38935 41688 
Inoculated 100 40325 39179 
Inoculated 150 44246 48747 
Inoculated 150 45840 42037 
Inoculated 150 45515 34284 
Inoculated 200 35192 38850 
Inoculated 200 37015 37995 
Inoculated 200 32267 42908 
Initial   50305 50305 
 
 
 
 
Figure A 7: Acetic acid GC sample graph.  
H2  peak at 1.42min; N2 peak at 1.72min 
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 Figure A8 :Glucose medium sample GC graph 
H2  peak at 1.43min; N2 peak at 1.72min 
 
 
 
 
 
 
 
Figure A9 :Spent  medium sample GC graph 
H2  peak at 1.36 min; N2 peak at 1.64 min 
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HPLC results 
 
 
 
Figure A 10 Glucose medium post fermentation sample HPLC results.  
(Glucose RT 8.9 min; Acetic acid RT 14.50 min ) 
 
Figure A 11 : Acetic acid  medium post fermentation sample HPLC 
Acetic acid RT 14.49 min 
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Figure A 12 : Spent medium post fermentation sample HPLC output 
(Glucose RT 8.967 min; Acetic acid 14.487 min) 
 
 
 
 60 
 
 
